Prenatal air pollution exposure is frequently estimated using maternal residential location at the time of delivery as a proxy for residence during pregnancy. We describe residential mobility during pregnancy among 19,951 children from the Kaiser Air Pollution and Pediatric Asthma Study, quantify measurement error in spatially resolved estimates of prenatal exposure to mobile source fine particulate matter (PM 2.5 ) due to ignoring this mobility, and simulate the impact of this error on estimates of epidemiologic associations. Two exposure estimates were compared, one calculated using complete residential histories during pregnancy (weighted average based on time spent at each address) and the second calculated using only residence at birth. Estimates were computed using annual averages of primary PM 2.5 from traffic emissions modeled using a Research LINE-source dispersion model for near-surface releases (RLINE) at 250 m resolution. In this cohort, 18.6% of children were born to mothers who moved at least once during pregnancy. Mobile source PM 2.5 exposure estimates calculated using complete residential histories during pregnancy and only residence at birth were highly correlated (r S 40.9). Simulations indicated that ignoring residential mobility resulted in modest bias of epidemiologic associations toward the null, but varied by maternal characteristics and prenatal exposure windows of interest (ranging from − 2% to − 10% bias).
INTRODUCTION
Residential mobility is common during pregnancy; in the United States, it is estimated that between 11% and 32% of pregnant women change residences at least once between conception and delivery. [1] [2] [3] [4] [5] [6] [7] Understanding mobility patterns during pregnancy is important for the design and interpretation of studies examining spatially varying environmental exposures during pregnancy. Although several studies have examined prenatal residential movement, there is room for further understanding of this topic. Limitations of previous research, noted in a review article by Bell and Belanger 8 in 2012, include the use of retrospectively collected and incomplete residence data, lack of information on detailed relocation information by demographic factors, and the use of populations that limit generalizability of results.
Prenatal air pollution exposure is frequently estimated using maternal residential location at the time of delivery as a proxy for residence during the entire gestational period. [9] [10] [11] [12] This practice of not accounting for residential mobility (usually because of the lack of longitudinal residence information) can result in exposure measurement error and has the potential to bias resulting estimates of health effects. Previous studies examining residential mobility found relatively high agreement between prenatal air pollution exposure estimates calculated using this method and estimates using complete residential history data. 1, 3, 13 One of these studies found little impact of not accounting for this mobility on effect estimates. 1 However, the geographic resolution of assigned air pollution exposure in these studies varied substantially, ranging from 1 to 19,968 square km, and the spatial resolution of pollutant concentrations is a major determinant of the impact of residential mobility on assigned exposure. For example, if most residential changes during pregnancy involve moves o5 km, and air pollution exposure is assigned at a 10 km resolution, residential mobility will likely have little impact on assigned pollution concentrations. A recent study by Brokamp et al. 14 examined the impact of residential mobility on estimates of traffic-related air pollution at a high spatial resolution in childhood, but not during pregnancy. There is no literature reporting the impact of residential mobility during pregnancy at a spatial resolution that would capture fine-scale variation in pollution from mobile sources.
Therefore, we describe residential mobility during pregnancy using prospectively collected residential history data from a large cohort of Health Maintenance Organization (HMO) members in the Southeastern United States. We also quantify measurement error attributable to using maternal residence only at the time of delivery to estimate average prenatal exposure to primary fine particulate matter (PM 2.5 ) from mobile sources, modeled at a 250 m grid resolution, and simulate the impacts of this error on estimates of epidemiologic associations by pregnancy trimester.
METHODS
The Kaiser Air Pollution and Pediatric Asthma Study (KAPPA) is a historical birth cohort of 24,608 children born between 2000 and 2010 and enrolled in Kaiser Permanente Georgia (KPGA) HMO for at least the first year of life. Emory University and KPGA institutional review boards approved this study. This analysis was completed among a subset of 19,951 children from the KAPPA Study. Children were excluded from the analysis if they were not linked to mothers who were also enrolled in KPGA (n = 2817), if their mothers did not have residential history information available for pregnancy (n = 758), or if mothers resided outside the metropolitan Atlanta region for which air quality estimates were available at any point during pregnancy (n = 631). Because the KAPPA study was originally developed to examine the effect of exposure to air pollution in the first year of life, we also excluded 451 children without estimates of residential air pollution exposure during the first year of life. This was an administrative decision for consistency with future publication on this cohort. Residential mobility during pregnancy in this cohort was defined using data from KPGA medical records and Georgia birth certificates. For each pregnancy, conception date was estimated using gestational week information from the birth certificate. For the 2909 children without gestational age data, the start of the prenatal period was defined as 38 weeks before the date of birth (assuming a full-term gestational age of 40 weeks). For both calculations it was assumed that conception occurred at day 14, per obstetric convention. All children with prenatal residence information were included in our analyses, including those who had siblings in the cohort or for whom residence data were not contiguous. We completed sensitivity analyses excluding 1468 children whose mothers had ≥ 90 days of missing residence data during pregnancy.
We describe patterns of prenatal residential mobility among this cohort by calculating the percent of children born to mothers who changed residential locations during pregnancy. We classified mobility by season, pregnancy trimester, individual characteristics, and neighborhood socioeconomic status (SES). Neighborhood SES was determined at census block group spatial resolution using maternal residence at the time of delivery and novel demographic clusters created by Georgia Department of Public Health. These clusters classify block groups using variables from the 2010 US Census on factors such as age, income, housing, and employment. 15 Among women who changed residence during pregnancy, we examined the number of, and distances between, residential locations, and we compared air pollution concentrations between residences at conception and birth.
Average annual concentrations of PM 2.5 contributed by primary mobile sources were modeled at 250 m spatial resolution for years 2002 to 2010. A Research LINE-source dispersion model for near-surface releases (RLINE) was used to model hourly concentrations of mobile source contributed PM 2.5 using data on mobile source emissions and meteorology as inputs. 16 These estimates were then averaged to create one estimate for each year that were used in our analyses. Emissions inputs for 2010 were created by Atlanta Regional Commission's Atlanta Roadside Emissions Exposure Study (AREES) using data on traffic patterns and composition, mobile emissions, and meteorology for the 20 county metropolitan Atlanta area. 17 As the road network has not changed substantially over the study period, these 2010 data were used as an input for the 2002-2010 RLINE models, scaling each year by annual average emissions. Meteorological data were available from the meteorological processors of the American Meteorological Society (AMS) and US Environmental Protection Agency (EPA) Regulatory Model (AERMOD), 18 for 2002 to 2010 at hourly resolution for a monitor at Hartsfield-Jackson Atlanta International Airport, assumed to represent the whole spatial domain. Because RLINE results were found to overestimate spatial gradients compared with observations, estimates were calibrated to observation-based mobile source impacts from three stationary air pollution monitors in metropolitan Atlanta estimated by a chemical mass balance model. 19 Additional information about the air pollution modeling for this work is included in Supplementary Information online.
The modeled air pollution and residential history information from KPGA administrative records were used to estimate average mobile source primary PM 2.5 exposure during pregnancy. The 2010 PM 2.5 estimates are shown in Figure 1 ; the spatial pattern was nearly identical for years 2002-2009, although there was a temporal trend, with concentrations decreasing over time. Given the consistency of the spatial patterns of mobile source pollution and because prenatal periods for children in our cohort began in 1999 and the earliest available PM 2.5 estimates were for 2002, 2002 data were used to estimate prenatal exposures in 1999-2001. For each pregnancy the following exposures were calculated for the entire gestational period and each pregnancy trimester: (1) exposure calculated from the annual average concentrations using complete residential histories as a weighted average based on time residing at each address, and (2) exposure calculated from the annual average concentrations using only maternal residence at the time of delivery (commonly implemented in studies without available residential histories in the prenatal period). For brevity we will refer to the first estimate accounting for mobility as the "complete exposure" and the second estimate not accounting for mobility as the "naive exposure". Differences between complete and naive exposure estimates are solely because of spatial differences in pollution. We simulated the impact of not accounting for residential mobility in this HMO cohort when estimating exposure on an expected association between prenatal PM 2.5 and a hypothetical disease. We assessed whether the magnitude of bias varied for different specified effects: risk differences of 0.01, 0.05, and 0.10 and risk ratios of 1.05, 1.1, and 1.2 for an increase of 1 μg/m 3 of prenatal PM 2.5 exposure from primary mobile source emissions. Simulations were performed using the following steps. (1) Calculate probability of disease for each child in our sample using a baseline risk of 10%, the specified effect of exposure, and the child's prenatal PM 2.5 exposure estimate ("complete exposure"). (2) Randomly generate outcome status (yes/no) for each child by using the probability from step 1 to represent a binomial probability parameter. (3) Run two binomial linear regression models predicting the outcome generated in step 2, one using the complete prenatal exposure as the predictor (to ensure it yielded results close to the specified effect) and the other using the naive exposure as the predictor. (4) Repeat steps 2 and 3 100,000 times. (5) Summarize results of each set of 100,000 simulations using the median of the resulting parameter estimates and estimate the bias of the effect due to using naive exposure estimates (calculated for risk differences as (RD naive -RD specified )/ RD specified and for risk ratios as bias of excess risk ((RR naive -1) -(RR specified -1))/(RR specified -1)). We chose 100,000 iterations for the simulation so that replicating the process would produce essentially the same results. Additional simulations were completed focusing on trimester-specific exposure and stratifying by race and other maternal and child factors. Trimester-specific exposure estimates were calculated taking into account the trimester start and stop dates; the complete estimate was a timeweighted average of the annual average concentrations at all residences during the trimester and the naive estimate used only residence at the time of delivery. Analyses were completed in SAS 9.3 (SAS Institute, Cary, NC, USA) and R 3.1, 20 maps were created in ArcMap 10.1 by ESRI. Simulation code is available from the authors upon request. 
RESULTS
In this HMO cohort, 18.6% of children were born to mothers who changed residence at least once during pregnancy ( Table 1) . Women of black race were more likely to move during pregnancy than women of white race (22.5% vs 14.8%). Mobility decreased with increasing maternal age and education. For example, 21.1% of mothers who did not complete high school moved during pregnancy compared with 17.3% of mothers who attended at least some college. Across levels of neighborhood SES, mothers with the lowest SES had the most mobility and mothers with the highest SES had the least mobility ( Table 1 ). The distance moved ranged from o 1 to 106 km, with a mean move distance of 13 km and a median of 10 km. Median move distance varied among cohort subgroups, ranging from 6 to 12 km (Table 1) . Although the majority of children whose mothers moved during pregnancy only moved once (84.1%), the number of moves during pregnancy ranged from 0 to 8 (Table 2) . Compared with mothers who did not move during pregnancy, the 591 mothers who moved twice or more were more likely to be of black race (52.3% vs 34.2%) and less likely to have attended at least some college (56.9% vs 66.8%) or live in a neighborhood classified as having the highest SES (50.6% vs 64.4%) (all Pearson's χ 2 test P-values o 0.01). Moves were equally likely to occur in each pregnancy trimester (Table 2) . Examining moves by season, moves were slightly more likely to Complete exposure estimates are calculated as a weighted average of time spent at each residence during the prenatal period, and naive exposure estimates are calculated assuming residence at birth applied to entire prenatal period. Includes Asian, American Indian, Alaska Native, Native Hawaiian, or other Pacific Islander, and mothers identifying with more than one racial group. c Neighborhood socioeconomic status was classified at census block group spatial resolution using maternal residence at time of delivery and described using demographic clusters created by the Georgia Department of Public Health. 15 occur during summer months than in winter, spring, or fall months. Results were similar in a sensitivity analysis excluding children whose mothers had ≥ 90 days of missing residence data during pregnancy.
The spatial distribution of primary PM 2.5 closely mirrored the road network, with concentrations highest inside the I-285 highway encircling metropolitan Atlanta and decreasing with increasing distance from the city center (Figure 1) . Figure 2 , the quantity we used for scaling risk differences and risk ratios in the simulation, represents a change from the 10th to the 89th percentile of the exposure distribution. Average prenatal PM 2.5 exposure estimates calculated without accounting for mobility ("naive exposure") were at most 2.32 μg/m 3 different than the complete exposure estimates, with a mean difference of 0.03 μg/m 3 (e.g., equivalent of a change from the 50th to the 53rd percentile of the exposure distribution). Spearman's correlation coefficients between complete and naive exposure estimates were 0.96 for estimates of exposure during the entire pregnancy, and 0.92, 0.95, and 0.99 for first, second, and third trimester exposure, respectively. Because residential mobility varied by demographic characteristics, correlation between exposure estimates also varied in our sample from 0.91 to 0.99 among all children and 0.60 to 0.94 among children whose mothers moved during pregnancy (Table 1) . In order to assess whether mothers who moved during pregnancy moved to higher or lower pollution areas, we examined differences in decile of PM 2.5 exposure at conception and birth residential locations (Table 3) . For this table, exposure deciles were based on only children whose mothers moved during pregnancy, and hence all rows and columns sum to 10%. In general, we found that mothers who moved resided in similar deciles of exposure at the two time points. Table 4 presents the results of simulations on the expected bias caused by exposure measurement error due to not accounting for residential mobility during pregnancy. Overall, the magnitude of the bias of the association between prenatal PM 2.5 exposure and a hypothetical outcome was modest and resulted in effect estimates closer to the null than the specified effects. For example, examining PM 2.5 exposure during the entire pregnancy for all children, with a specified risk difference of 0.05, the median risk difference for 100,000 simulations using the complete exposure was 0.0500, and the median risk difference for the naive exposure was 0.0476. When increasing the specified risk difference to 0.10, the complete exposure resulted in a median risk difference of 0.1000 and the naive exposure resulted in a median risk difference of 0.0952. Figure 3a displays the risk differences resulting from the 200,000 binomial linear regression models completed with a specified risk difference of 0.10 (100,000 for complete exposure (gray) and 100,000 for naive exposure (blue)). The distributions of risk differences are similar, with the one resulting from naive exposure shifted closer to the null value of 0. Increasing the specified risk difference resulted in an increase of the absolute difference between median estimates from naive and complete exposure, ranging from 0.0005 for a risk difference of 0.01 to 0.0048 for a risk difference of 0.10, but did not impact the percent bias. Patterns were similar using the risk ratio as the measure of association of interest (Table 4 and Figure 3b ). When stratifying by race, the magnitude of the bias was larger among children born to black mothers than children born to white mothers because of their differential rates of residential mobility (−8% to − 10% bias vs − 3% to − 4% bias depending on specified effect). Similarly, when examining trimester-specific exposures, bias was greatest for first trimester associations because of the greater cumulative residential mobility between the start of the trimester and delivery. For all results in Table 4 , the underestimation of the risk difference or risk ratio because of not accounting for residential mobility ranged from − 2% to a − 10% bias in the median effect estimate.
To further explore the variability in bias attributable to residential mobility, we completed the simulation for two additional subgroups of the cohort: (1) children born to black mothers who were o 30 years old, living in neighborhoods classified as having the lowest SES (n = 1157), and (2) children born to white mothers who were 430 years old, living in neighborhoods classified as having the highest SES (n = 4028). These subgroups were chosen because of their contrasting mobility rates during pregnancy, 30.7% and 12.0%, respectively. A specified risk difference of 0.10 was used for both groups. In the high mobility group, the median estimated risk difference resulting from the complete exposure was 0.0999 and the median risk difference resulting from the naive exposure was 0.0890 (−11% bias). In the low mobility group, the median risk differences were 0.1000 when using the complete exposure and 0.0974 when using the naive exposure (−3% bias). The discrepancy in results between the two groups was larger when examining first trimester exposure, with − 19% bias in the high mobility group and − 4% bias in the low mobility group (median risk differences from complete and naive exposure: high mobility group 0.1000 vs 0.0811; low mobility group 0.1001 vs 0.0960).
DISCUSSION
In this paper we explore residential mobility during pregnancy in an HMO cohort and (1) describe its impact on estimates of exposure to primary mobile source PM 2.5 and (2) estimate the Table 4 . Results of simulation modeling the effect of prenatal mobile source PM 2.5 using exposure accounting for and not accounting for residential mobility. Abbreviations: RD, risk difference; RD C , median risk difference calculated from complete exposure; RD N , median risk difference from naive exposure; RR, risk ratio; RR C , median risk ratio from complete exposure; RR N , median risk ratio from naive exposure; % Bias, calculated as (RD N − RD specified )/RD specified for risk differences and calculated as bias of excess risk for risk ratios ((RR N − 1) − (RR specified − 1))/(RR specified − 1). Complete exposure estimates are calculated as a weighted average of time spent at each residence during the prenatal period, and naive exposure estimates are calculated assuming residence at birth applied to entire prenatal period.
a For trimester-specific rates, calculated as cumulative mobility between start of trimester and delivery.
expected bias in epidemiologic associations because of not accounting for this residential mobility. In this cohort, 18.6% of women moved between conception and delivery which was within the range of mobility estimates from previous US studies. Unlike previous studies, which have all found mobility is more likely during the second trimester, 3,4,7 we found that moving was equally common throughout pregnancy. Examining mobility by demographic characteristics, our finding of higher mobility among women who are younger, not married, and have indicators of lower SES replicates findings of several previous studies. 8 One of the strongest predictors of mobility in this cohort was race; 22.5% of women of black race moved during pregnancy compared with only 14.8% of women of white race. Unlike SES, age, and marital status, results from previous studies have found inconsistent mobility patterns by race. 8 The prenatal move distances (with a median of 10 km) are likely a lower bound of the move distances of all mothers enrolled in Kaiser Permanente Georgia HMO. Our estimates excluded moves by mothers who left KPGA during pregnancy, resided outside of the air pollution modeling region at any time during pregnancy, or whose children lacked first year of life exposure estimates. If we reexamine move distances including all women for whom we have residence data (i.e., including those outside the metropolitan Atlanta area), the calculated median move distance does not change, but the mean move distance is 2 km greater (15 vs 13 km). Consequently, we would not expect large moves among women Figure 3 . (a) Risk differences from simulation with 100,000 replications using complete and naive exposure estimates for all children (specified risk difference = 0.10). (b) Risk ratios from simulation with 100,000 replications using complete and naive exposure estimates for all children (specified risk ratio = 1.2). Complete exposure estimates are calculated as a weighted average of time spent at each residence during the prenatal period, and naive exposure estimates are calculated assuming residence at birth applied to entire prenatal period.
excluded from our estimate to change the distribution of move distances substantially. The median move distance in this cohort, 10 km, is larger than those calculated in three previous US studies whose median estimates ranged from 4.2 to 6.9 km. 2, 3, 7 Our study takes place in metropolitan Atlanta, a large urban area with considerable sprawl that includes approximately 22000 square km. Compared with many other metropolitan areas in the United States, a woman in Atlanta can move longer distances and still reside in same metropolitan area. This may be one explanation for the longer move distances in this cohort. The between-study variability in distances moved during pregnancy suggests that move distances depend on both the population studied and the patterns of sprawl in the geographical region of residence.
In this HMO cohort there was high correlation between estimates of prenatal PM 2.5 exposure calculated accounting and not accounting for residential mobility. Although this is expected as the vast majority of women who do not move during pregnancy have perfect correlation of the two measures, correlations were high even when restricting the sample to only women who moved during pregnancy. In the simulation, we found that not accounting for residential mobility resulted in modest bias of epidemiologic associations, even in groups with a mobility rate as high as 30.7%. Bias was largest when examining the impact of first trimester exposure as one would expect due to the greater amount of time between the first trimester and birth and thus opportunity for a different residence to contribute more time to the weighted average exposure estimate. Although impact is expected to vary by population, overall these results are promising for studies that lack information on residential mobility during pregnancy. However, the result that the magnitude of bias in exposure estimates varied across cohort subgroups because of variation in mobility rates is noteworthy. In the simulation completed among some of the highest and lowest mobility groups in the cohort (30.7% vs 12.0%) where using the complete exposure resulted in a median risk difference of ∼ 0.10 in both groups, the resulting median risk difference from the naive exposure was 0.0890 in the first group and 0.0974 in the second group. The effect estimates in these two groups differed solely because of exposure measurement error. In a study where prenatal exposure is calculated without accounting for residential mobility, such discrepant results could be misinterpreted as evidence of effect measure modification if researchers were unaware of the differential measurement error in these two groups. Although in this study the differences in bias between subgroups are modest, we note that our study population is a fully insured cohort with a narrower range of SES than populations outside of an HMO setting. For example, 465% of children in our cohort were born to mothers who attended at least some college. In populations with more socioeconomic diversity, the differences in residential mobility and resulting impact on bias could be larger.
The results of our simulations are dependent on many factors such as the baseline risk of the outcome (10%), the mobility rates in the cohort, the spatial distribution of PM 2.5 , and the specified effect investigated. We assumed non-differential mobility rates by outcome; a study of a specific disease should consider whether mobility could be differential with respect to the outcome. We examined how the magnitude of bias varied based on mobility rates, by completing stratified simulations and with different specified measures of both additive and relative effects. Almost identical magnitudes of bias in the simulation were observed when lowering the baseline risk of disease to 0.05% (results not shown) suggesting that these estimates of bias would be relevant to diseases with different prevalences. The increasing bias with increasing mobility rates, as well as other factors dictating magnitude of bias, have previously been discussed by two related simulation studies. 21, 22 Our results would change dramatically if exposure was assigned at a different spatial resolution. In this cohort with a median move distance of 10 km, if exposure was assigned at a 20 km spatial resolution, instead of a 250 m spatial resolution, there would be minimal differences between exposure estimates accounting and not accounting for mobility and subsequently even less bias observed in the simulation.
The residence data used for this analysis come from KPGA administrative records that are prospectively collected and include addresses and dates of residence. Administrative data have limitations. Residence information is updated in the KPGA system when the HMO is notified by a member of a new address. There were likely some changes of address that were not reported to KPGA, or for which there was uncertainty about when addresses changed, as evidenced by gaps in residence data for some women. Our residences were geocoded at a 250 m grid resolution. If a mother moved to a new residence within the same 250 m grid as her current residence, then we would be unaware that she changed residences. Although such short distance moves are likely to be rare, our inability to track within-grid movement may have contributed to a slight underestimation of the proportion of women who moved in this cohort. In addition, residences are stored in the KPGA system at monthly, not daily, resolution that masks the exact start date of each residence. This challenge, which has been encountered by previous studies, 3, 5 is of most concern for calculating mobility by trimester for which exact timing of changes in residence is important. Because of this imprecision, we did not conduct analyses related to the specific timing of maternal changes in residence (e.g., modeling timing of moves in a time-toevent analysis).
Primary air pollution from mobile sources is one component of total ambient air pollution that encompasses primary and secondary pollution from traffic and other sources. Our RLINEbased exposure model incorporates emissions and meteorology data and is calibrated using observation-based mobile source impacts. Although the incorporation of these factors is anticipated to increase model validity, we do not have estimates of exposure measurement error due to model error for each child in the cohort; it is possible that this source of error is larger than error due to residential mobility. Because of variation in spatial distributions of pollution, our results may not be applicable to estimates of total ambient exposure. Similarly, our study did not examine personal air pollution exposure that is affected by factors such as ambient pollution concentrations, indoor air pollution exposure, housing air exchange rates, and time-activity patterns. There is some evidence from the literature indicating high correlations between estimates of pollution exposures based on maternal residence alone and those incorporating information on maternal time-activity patterns. 23 Regardless, we do not expect the results of the study to reflect the impact of residential mobility on estimates of personal exposure to air pollution. Considering the population of this study, our results are most generalizable to studies of prenatal exposure completed in other insured HMO populations. Mobility rates are expected to differ by demographic characteristics, and based on the patterns of mobility observed in our study these may be higher in uninsured or lower SES populations where factors such as housing instability are more likely to influence residential mobility.
Understanding residential mobility during pregnancy is critical for research on the impact of environmental exposures during pregnancy. This study contributes to our knowledge by describing patterns of residential movement among a cohort of pregnant women and by estimating its impact on fine-scale estimates of one environmental exposure, primary mobile source PM 2.5 . Overall, we observed a modest amount of bias in prenatal exposure estimates and expected epidemiologic associations due to not accounting for residential mobility during pregnancy. The estimated bias would have been smaller if we were interested in more spatially homogeneous exposures, for example, those that can be estimated accurately at the county level. The most bias was seen in estimates of associations with first trimester exposure and estimates among subgroups of women with the highest levels of residential mobility. Our results show that in extreme situations when comparing results among groups with very different mobility rates, not accounting for residential mobility when estimating exposure can lead to results that look like effect measure modification. The results of this study provide some insight into the potential implications of not accounting for residential mobility during pregnancy and suggest that in the absence of these data future studies still have the potential to produce fairly reliable estimates of association.
